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Abstract
As many Mediterranean headwater catchments, the Moroccan Middle Atlas plays an important role in the highly vulnerable
regional water resources. Mountain lakes are numerous in this region, and could be regarded as possible sentinels of hydro-
climatic changes, using appropriate modelling tools able to simulate the lake-climate relation.We present a detailed study of Lake
Azigza, based on a 4-year (2012–2016) observation period, including lake level measurements, isotope analyses of precipitation,
lake and spring waters, and local meteorological data. The approach is based on a calibration of a daily time-step lake water and
isotope mass balance model, fed by precipitation and evaporation rates, to estimate the ungauged components of the water
balance. Results show the dominance of groundwater exchanges in the lake water balance, with significant interannual variations
related to annual precipitation. At the annual time-step, groundwater inflow varies between twice and up to six times the amount
of direct precipitation, while the groundwater loss reached up to five times evaporation. However, a significant decrease of
groundwater loss is observed in 2016, suggesting that a threshold effect probably limits the seepage when the lake level
decreases. This study underlines the importance of groundwater fluxes in the lake level variations for Lake Azigza, probably
representative of many similar lakes in theMiddle Atlas. The model was able to simulate the continuous lake level decrease (4m)
observed over 2012–2016 and can be further used to explore lake-climate relations at different timescales.
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Introduction

The Mediterranean region is considered by the latest IPCC
report to be a “hot-spot” for global climate change (IPCC

2013). In the last decades, temperature rise was above the
global average and model projections indicate a warming
and drying trend in the Mediterranean basin (Lionello et al.
2014). In the southern part of the Mediterranean, Morocco
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constitutes a key area for assessing the impact and sensitivity
of the water cycle to global climate change. Moroccan climate
is influenced by air masses with various origin (Atlantic
Ocean, Mediterranean Sea, and Sahara), in addition to the
effect of orography in the Atlas region, which leads to a
marked spatial and interannual variability in precipitation.
Several studies have already emphasized that precipitation
records of the last decades showed a decrease in precipitation
totals and wet days in Morocco (Driouech et al. 2010;
Tramblay et al. 2013a) although heterogeneous behavior can
be found at local scale (Khomsi et al. 2016). Future projec-
tions based on high-resolution regional climate models
(RCM) have forecasted a decrease in average precipitation
following a north to south gradient for the end of the century
(Tramblay et al. 2013b; Filahi et al. 2017).

Quantifying the impact of these future precipitation chang-
es on water resources requires long-term hydrological data to
validate model scenarios. An amplified response of runoff to
precipitation decrease is expected (Tramblay et al. 2013b), but
further studies are needed to explore the link between water
cycle and climate variations. Lakes have often been regarded
as representative indicators of the effect of climate variations
on the water cycle at different times scales (Legesse et al.
2004; Vallet-Coulomb et al. 2006; Troin et al. 2010, 2016),
providing an appropriate quantification of lake-groundwater
exchanges, which have a great impact on lake behavior
(Rosenberry et al. 2015; Jones et al. 2016). Stable isotope
tracers combined with hydrological modelling approaches
can be used to quantify the lake water balance (Krabbenhoft
et al. 1990; Sacks et al. 2014; Gibson et al. 2016; Bouchez
et al. 2016; Arnoux et al. 2017). In Morocco, most of the
existing studies focused on stable isotope data from lakes pro-
vided information on past water cycle (Lamb et al. 1995;
Zielhofer et al. 2017, 2019).

In the Middle Atlas Mountains, considered as the
“Moroccan water tower” (Bentayeb and Leclerc 1977), the
upper part of the “Oum-Er-Rbia” catchment (Fig. 1) is the
major water resource for the downstream irrigated dry plains
and is essential to their economic development (Chehbouni
et al. 2008). In this region, several natural lakes have docu-
mented significant lake level variations in response to climate
(Sayad and Chakiri 2010; Sayad et al. 2011; Etebaai et al.
2012; Abba et al. 2012), although the relation between lake
behavior and climate change has never been quantitatively
assessed. This paper aims at implementing the hydrological
modelling of the Azigza Lake, in the Middle Atlas. Previous
studies have shown that Lake Azigza has recorded significant
historical lake level changes, either higher or lower by several
meters (Gayral and Panouse 1954; Flower et al. 1989;
Benkaddour et al. 2008; Vidal et al. 2016; Jouve et al.
2019). It was suggested that water level fluctuations are linked
to rainfall variations (Flower and Foster 1992) although no
quantification of this relation was established. We present

the climatic, hydrologic, and isotopic data collected during a
4-year observation period (2012–2016). Then, in order to cal-
ibrate the lake model, the ungauged components of the lake
water balance are estimated using a step-by-step approach; the
last step relying on an isotope mass balance to quantify
groundwater inflows and outflows. In the “Discussion” sec-
tion, the influence of the lake stratification on the isotope mass
balance modelling is first assessed. Secondly, based on a 4-
year lake water balance simulation, the role of groundwater
processes in modulating the lake response to contrasted cli-
matic conditions is discussed, and finally, the lake sensitivity
to persistent dry conditions is estimated.

Climatic and hydrogeological settings

Belonging to the Oum-Er-Rbia (OER) catchment, Lake Azigza
(32° 58′ N, 5° 26′W, 1540 m a.s.l.) is a small natural mountain
lake located in the Moroccan Middle Atlas (Fig. 1). The climate
is of Mediterranean subhumid type, characterized by wet winters
and dry summers. Mean annual rainfall approaches 900 mm
year−1, most of which falls betweenOctober andApril, and snow
may persist for 1 or 2 months; mean annual air temperature is
about 12 °C (Martin 1981). The lake has a tectono-karstic origin
(Hinaje and Ait Brahim 2002) and is located in a relatively un-
disturbed and forested region, dominated by Cedar (Cedrus
Atlantica) and Oak (Quercus) woodland formed on calcareous
red soils (Flower and Foster 1992). The study area is situated in
the Tabular Middle Atlas, generally made up of Jurassic lime-
stone and dolomite (Lepoutre and Martin 1967). The Azigza
Lake catchment belongs to the locally designated “High OER
(HOER) basin” (Fig. 1). The HOER basin is known for its im-
portant hydrological potential and includes the emblematic Oum-
Er-Rbia spring system, with an average discharge of about 260
m3 s−1 (data obtained from Oum-Er-Rbia Hydraulic Basin
Agency, ABHOER). The hydrogeological basin of these springs
is the largest of theMiddleAtlas Plateau,with 1020 km2 of karsts
outcropping mainly outside from the topographic catchment de-
lineation, which is a common feature of karstic context
(Bentayeb and Leclerc 1977). In the HOER region, emergence
of groundwaters occurs mainly at the boundary of the Plateau
and at contact surfaces between the Lias and Triasic substratum
(Bentayeb and Leclerc 1977; Kabbaj et al. 1978; Fig. SM1). As a
result of rapid infiltration and high groundwater recharge, the
surface hydrographic network is discontinuous and irregular. In
the different nearby gauged subcatchments, average specific dis-
charges tend to increase with increasing drainage area, from ≈
170 mm year−1 to ≈ 470 mm year−1, pointing to the increasing
contribution of regional aquifer to the river baseflow (Fig. 1;
Table SM1, ABHOER data). For comparison, the whole OER
catchment (48,000 km2), which includes the downstream dry
region, displays a specific discharge of only 25 mm year−1 (Q
= 38 m3 s 1) (Hammani et al. 2005).
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Methods and conducted data

Lake bathymetry and catchment morphology

A precise lake bathymetry was established using an echo-
sounder in April 2013 (Fig. 1). The deepest point of the
lake (42 m in April 2013) is located at the center of the
southeast part of the lake, characterized by steep slopes
compared with the western part. In order to account for
possible higher lake levels, elevation data over the
emerged part of the lake basin were also collected with
a Real-Time Kinematic GPS (RTK GPS). Data were in-
corporated into a 30-m resolution DEM (earthexplorer.

usgs.com) covering the remaining part of the lake
watershed. A Geographic Information System (GIS) soft-
ware (ArcGIS 10.3) was used for DEM quality assess-
ment, data conversion, geo-referencing, profile extraction,
interpretation, visualization and calculation of volume,
and area corresponding to different lake levels. The super-
ficial lake catchment has a surface of 10.2 × 106 m2, about
twenty times the lake surface, with elevation up to 1794 m a.s.
l. It has no outlet and no permanent creek towards the lake. In
April 2013, the lake level was 1546 m a.s.l. (coordinates ref-
erence system: European Petroleum Survey Group (EPSG),
code: 32629), the lake area was 0.56 × 106 m2, and the volume
was 7.9 × 106 m3.
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Fig. 1 a) Location of the Oum-Er-Rbia catchment (green line) in
Morocco, with the high Oum-Er-Rbia sub-catchment (pink line); b)
High Oum-Er-Rbia sub-catchment and location of the Azigza Lake
catchment (red line) and the Azigza Lake (green star). Hydrometric and
meteorological stations used in this study are indicated by red circles and

Oum-Er-Rbia (OER) springs are indicated by black circle; c) Topography
of lake bottom (modified from Vidal et al. 2016) with the location of
water sampling (L1, L2, L3 for lake water (black squares), W for well
water (purple diamond), and S1 and S2 for springs (green triangles) and
meteorological station (red star)

Modelling lake water and isotope mass balance variations of Lake Azigza in the Moroccan Middle Atlas under... 2699

http://earthexplorer.usgs.com
http://earthexplorer.usgs.com


Climate data

Ameteorological station was settled in November 2014, located
3.7 m above the ground surface, about 30 m above the current
lake level, and 220 m away from the lake shoreline. Local cli-
matic parameters weremeasured hourly fromNovember 2014 to
May 2016: precipitation (P), air temperature (Ta), relative humid-
ity (rh), atmospheric pressure (Pa), solar radiation (Rs), and wind
speed (U). In addition, to cover the remaining observation period,
from October 2012 to September 2016, we used daily precipita-
tion from the Tamchachate station, located about 20 km from the
lake, at 1685 m a.s.l. (ABHOER data), and reanalyzed data (P,
Ta, rh, Rs, and incident longwave radiation, Rl) from the
European Centre for Medium Range Weather Forecast
(ECMWF) ERA-Interim database (Dee et al. 2011). The good
correlations found between locally measured Ta, rh, and Rs and
ERA Interim data over the common period (r2 = 0.97, 0.77 and
0.89 respectively) were used to complete the local dataset. Based
on daily precipitation, similar rainfall trends were found between
the local station and the Tamchachate station, but the common
period was too short to establish a robust statistic. We thus used
the total rainfall ratio to complete the local dataset: PAzigza = 0.79
× PTamchachate.

Lake level and water temperature

In April 2013, a reference level was set and the water
level had been manually measured approximately each
month throughout the sampling period (April 2013–
November 2014). The initial lake level was set at
October 2012 and was estimated based on a comparison
between a photographic benchmark and the reference lev-
el. This monthly lake level data was completed by a pres-
sure gauge system that recorded water level, temperature,
and conductivity at an hourly time step from November
2014 to May 2016 (using a multiparameter datalogger
(CTD Diver) anchored in the eastern part of the lake).

A strong declining trend was observed during the
study period (4 m). Over this interannual trend, the lake
level showed seasonal variations, with a slight increase
in winter (October to April) and a stronger decrease
from May to September (Fig. 2a). Based on daily data,
a rapid response of lake level variations to precipitation
events (≈ 1 day) was observed.

Three temperature profiles were established in
January 2013, April 2014, and September 2015. The
water column was homogeneous in January, with

Fig. 2 a) Lake level and precipitation time series between October 2012
and October 2016, with manual measurements (black crosses) and
continuous lake level record (red line). Daily precipitation is either
measured locally (blue) or derived from Tamchachate station (purple;

see text); b) Azigza Lake waters isotopic composition (δ18O) measured
at the three sampling locations sampling (L1, L2, L3 for lake waters (red,
yellow, and green squares respectively); and groundwaters measured at
the well (purple diamonds) and springs (green triangles)
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temperature ranging between 7.3 and 7.5 °C. During
April and September, the lake was stratified with an
epilimnion characterized by an average temperature of
17 °C and 21 °C, respectively, while the hypolimnion
remained at an average temperature of 7 °C. These
layers were separated by a thermocline between 6 and
9 m below the lake surface. These 3 profiles are con-
sistent with previous data (Gayral and Panouse 1954,
Benkaddour et al. 2008).

Isotopic data

A monthly sampling of precipitation, lake water and ground-
water (well and springs), was performed between October 2012
and November 2014. In addition, a more extensive field cam-
paign was performed in April 2013, including the collection of
deep-water samples. Water samples were analyzed for their
oxygen (δ18O) and hydrogen (δ2H) isotopic compositions in
the Stable Isotope Laboratory at CEREGE.We used either laser
spectrometry (Cavity-Ring-Down Laser Spectrometer, WS-
CRDS, Picarro L1102-i) or IRMS analysis instruments. Using
IRMS, water samples were equilibrated with CO2 (10 h at 291
K) and H2 (2 h at 291 K with a platinum catalyst)—for δ18O
and δ2H, respectively—in an automated HDO Thermo-
Finnigan equilibrating unit before measurement on a dual inlet
Delta Plus mass spectrometer. All the samples were replicated.
Calibration of measurements was performed following the
IAEA reference sheet (IAEA 2009) using three liquid laborato-
ry standards normalized beforehand against V-SMOW, GISP2,
and SLAP2 international standards. The values of the isotopic
results are presented in the standard notation δ permil (‰) and
referenced to Vienna StandardMean OceanWater (V-SMOW).
The 1σ measurement precision is 0.05‰ for δ18O and 1‰ for
δ2H. All data are shown in Table SM2.

The weighted average precipitation composition was −
7.15‰ and − 42.6‰ for δ18O and δ2H respectively, and falls
slightly above the Moroccan Meteoric Water Line (MMWL)
established byAit Brahim et al. (2016) (2H = 7.7 × δ18O + 9.2,
r2 = 0.93, Fig. 3 and Fig. SM3). Temporary springs encoun-
tered on the southern shore displayed a very stable composi-
tion (δ18O = − 7.70 ± 0.13‰ and δ2H = − 46.1 ± 0.8‰), while
groundwater sampled monthly in the well presented a slight
variation, from − 7.56 to − 6.33‰ for δ18O, and from − 46.0
to − 38.8‰ for δ2H (Figs. 2b and 3). This slight seasonal
enrichment may be linked to variations in precipitation com-
position, or to the influence of evaporation before sam-
pling in the large open well (which was not possible to
purge). However, it does not reflect the contribution of
lake water, which surface level remained below the stat-
ic groundwater level during the sampling period. All
these groundwater compositions correspond to the rela-
tion between altitude and δ18O of average rainfall de-
fined for Morocco (Ait Brahim et al. 2016).

The lake water isotopic compositions (δL) ranged from − 7.56
to − 2.30‰ and from − 46.3 to − 20.7‰ for δ18O and δ2H
respectively, and plot along a well-defined evaporation line (δ2H
= 4.8 × δ18O − 9.9; r2 = 0.97, n = 80), which crosses the compo-
sition of springwater and local precipitation (Fig. 3). The average
value calculated from the three sampling locations was − 3.43‰
for δ18O and − 26.3‰ for δ2H over the whole studied period.

Time evolution (Fig. 2b) shows smoothed seasonal varia-
tions at the L1 sampling location, with a maximum during
October and a minimum at the beginning of spring. For the
other two sampling sites located on the southern shore of the
lake, depleted compositions were recorded during rainfall pe-
riods, especially for L2 (δ18O = − 5.77‰ in February 2013, −
7.56‰ in March 2013, and − 4.82‰ in January 2014). In the
absence of visible surface runoff during the sampling, these
depleted compositions are attributed to the influence of sub-
surface inflows. Based on the smoothed variations recorded at
L1, seasonal minima were encountered in March–May 2013
(δ18O = − 3.93‰ and δ2H = − 28.0‰), and in January–April
2014 (δ18O = − 3.70‰ and δ2H = − 27.2‰), while the most
enriched compositions were found in October. The maximum
reached in October 2013 (δ18O = − 3.12‰ and δ2H = −
20.7‰) is lower than the maximum reached in October
2014 (δ18O = − 2.43‰ and δ2H = − 23.9‰).

The homogeneity of the lake water body was evaluated from
a more extensive sampling performed in April 2013. Based on 8
surface water and 7 bottom water samples, well distributed, the
water composition was found to be homogeneous, with an aver-
age value (δ18O = − 3.90 ± 0.12‰ and δ2H = − 27.9 ± 0.4‰)
very similar to the L1 sampling location (δ18O = − 3.94‰ and
δ2H = − 28.2‰). No bottom lake water samples are available at
the end of the summer season.
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Modelling lake water and isotope mass balance variations of Lake Azigza in the Moroccan Middle Atlas under... 2701



Lake water and isotope mass balance model

The dynamic lake water balance equation, associated with
quantified area–volume–depth relationships, is expressed as
follows:

dV

dt
¼ S � P−Eð Þ þ Riþ Gi–Go ð1Þ

where, for a daily time step (dt), dV is the lake volume varia-
tion (m3), S = f(V) is the lake surface (m2) as a function of lake
volume, P is the precipitation on the lake surface (m day−1), E
is the evaporation from the lake surface (m day−1), and Gi and
Go are the groundwater inflows and outflows respectively (m3

day−1) and Ri is the diffuse surface runoff (m3 day−1). The
lake level simulation (h, in m a.s.l.) was then derived from the
h = f(V) relationship (Fig. SM2).

The dynamic isotopic mass balance equation is:

d V:δLð Þ
dt

¼ S � P:δP−E:δEð Þ þ Ri:δP þ Gi:δGi−Go:δL ð2Þ

where δ is either the δ18O or δ2H isotopic composition of each
of the water balance components: δL for the lake water, which
also accounts for the composition of Go, assuming a homo-
geneous lake water body, δP for precipitation water, which
also accounts for the composition of Ri, δGi for the composi-
tion of Gi, taken as the springwater composition. The compo-
sition of the water vapor evaporated from the lake, δE, was
estimated from the Craig and Gordon equation (Craig and
Gordon 1965):

δE ¼ δL–ε*ð Þ=α– rh:δAð Þ–εk
1–rhþ εk

ð3Þ

εk ¼ 1–rhð Þ:θ:n:CD ð4Þ
where α is the equilibrium fractionation factor calculated at
Tw, the surface water temperature (Horita and Wesolowski
1994), ε* is the equilibrium isotopic separation, related to
the fractionation factor by ε* = (α – 1), εK is the kinetic
separation, CD a kinetic constant established experimentally
(28.5 × 10−3 and 25.1 × 10−3 for 18O and 2H,Merlivat 1978), n
= 0.5 for open water bodies, θ is a transport resistance param-
eter (Gonfiantini 1986; Gat 1996), rh is the relative humidity
normalized to Tw, and δA the isotopic composition of the am-
bient moisture. δA was estimated from the assumption of an
isotopic equilibrium between precipitation and atmospheric
vapor (δA = δP – ε*). All terms are expressed in the decimal
notation. The value of θ is generally lower than 1 for a water
bodywhose strong evaporation flux influences the atmospher-
ic boundary layer (Horita et al. 2008). Avalue of 0.5 has been
determined for the eastern Mediterranean Sea (Gat et al.
1996), and for Lake Chad (Bouchez et al. 2016). Here, the θ

value was chosen to match the observed slope of the evapo-
ration line (leading to θ = 0.5).

To calculate an annual lake water balance, a steady state is
often assumed. The water and isotope mass balance equations
(Eqs. 1 and 2) are then simplified to express the evaporation-
to-input ratio (EV/I), which represents the degree of closure of
the lake:

EV=I ¼ δI–δL
δE–δL

ð5Þ

where I is the total annual water inputs (I = Pv + Ri + Gi), Ev

and Pv the volumetric terms of evaporation and precipitation,
accounting for lake surface variations at the daily time step, δI
is the isotopic composition of inflows, and δL is the average
annual lake water isotopic composition. When dealing with
strongly seasonal systems, all the annual averages have to be
weighted by the corresponding fluxes (Gibson and Edwards
2002). For imbalanced annual lake water budgets (ΔV/Δt ≠
0), Eq. (5) becomes:

I ¼ Δ V :δLð Þ=Δt þ EV δE–δLð Þ–δLΔV=Δt
δI–δL

ð6Þ

When available, the estimate of Δ(V.δL)/ Δt can be based
on seasonal variations of V and δL, at a given (i) time step, as
follows:

Δ V :δLð Þ
Δt

¼ Σ V ið Þ:δL ið Þ–V i−1ð Þ:δL i−1ð Þ
� � ð7Þ

All calculations were coded in the PYTHON language.

Evaporation estimate

The Penman combination method (Penman 1948) can be ap-
plied with synoptic climate data to estimate open-water evap-
oration (Brutsaert 1982; Jensen et al. 1990; Shuttleworth
1992). It combines the energy balance with an aerodynamic
formulation as follows:

λE ¼ Rn–ΔSð Þ D
Dþ γ

þ Ea
λ γ

Dþ γ
ð8Þ

with

Ea ¼ 0:26 1þ 0:54 U 2ð Þ eSW–eað Þ ð9Þ
where Rn is the net input of energy at the lake surface (Wm−2),
ΔS is the change of energy storage in the water body (Wm−2),
D is the slope of the saturation vapor pressure curve (Pa K−1)
at Ta, γ the psychrometric constant (Pa K−1), U2 is the wind
speed at 2 m above the ground surface (m s−1), ea the actual
vapor pressure of the atmosphere (Pa), esw the saturated vapor
pressure (Pa) at Tw. The first term in the Penman approach
relies on available energy, and for lake evaporation estimates,

R. Adallal et al.2702



involves accounting for the difference between Rn and ΔS.
This has no impact on the total annual rate but it introduces
a shift in the seasonal evaporation variation (Giadrossich et al.
2015). The net radiation Rn is the sum of the short wave and
long wave energy balances:

Rn ¼ RS 1–að Þ þ Rnli 1–a
0

� �
–Rnle ð10Þ

where Rs is the incoming (shortwave) solar radiation (Wm−2),
Rnli and Rnle the longwave incoming and emitted radiation
respectively (Wm−2), a is the albedo or shortwave reflectance,
and a’ the longwave reflectivity. According to the work of
Cogley (1979) that computes the albedo as a function of the
latitude, a value of 0.08 was taken for a, while a’ is assumed to
have a constant value equal to 0.03 (Parker et al. 1970). The
emitted longwave radiation (Rnle in W m−2) is based on the
Stefan-Boltzmann law:

Rnle ¼ εW � σ� TW
4 ð11Þ

where εw is the emissivity of water, Anderson (1954) gives
this value as 0.97, and σ is the Stefan-Boltzman constant,
5.6697 × 10−8 W m−2 K−4. The change in the energy storage
term over a given time step Δt is:

ΔS ¼ Z � CW � ρW � ΔTW

Δt
ð12Þ

where Cw is the specific heat capacity of water (J kg−1 K−1),
ρw the water density (kg m−3), and Z the layer thickness (m)
affected by the temperature variation. Considering the thermal
stratification and the constant temperature in the lower layer,
ΔSwas calculated for the upper layer (Z = 8m), and smoothed
using a 30-daymoving average to avoid the instabilities due to
the daily time step calculation.

Results

Evaporation rate

Daily lake evaporation was computed between 17 November
2014 and 15 July 2016, using the locally measured climatic
parameters (Fig. SM4a), completed by the incident longwave
radiation, Rnli obtained from the ECMWF database, and gave
a mean value of 1217 mm over the complete 2015 annual
cycle.

Annual water balance framework over the 2012–2016
period

The lake volume and surface were computed daily using the
bathymetric relations, in order to calculate the water balance
of the four annual cycles monitored (October–September

periods) and to quantify the sum of ungauged fluxes: Ri +
Gi − Go (Eq. 1; Table 1). The evaporation rate was extrapo-
lated over the whole studied period based on the daily ERA
Interim climate data, with the correlation found with local
data, an average wind speed value, and using an annual ΔS
time series approximated by a sinusoidal function, with a
70 W m−2 amplitude (Fig. SM4b). Precipitation data were
based on local measurements for the November 2014–
May 2016 period, and on the Tamchachate station for the rest
of the period.ΔV was slightly positive during the first annual
cycle, and then remained strongly negative (Table 1). Over the
4-year period studied, the lake level progressively decreased
from 1545.7 m a.s.l. in October 2012 to 1542 m a.s.l. in
October 2016, which corresponds to a 23% loss of lake
volume.

Calibration of net groundwater flow and diffuse
surface runoff using daily lake level

The net groundwater flow (NG = Gi − Go) and Ri were cal-
ibrated using the daily lake level record (2014–2016).
Considering the rapid reaction of the lake to rainfall (Fig.
2b), and the small size of the catchment, we assume that dur-
ing dry periods, the lake level variations are only driven by
evaporation and groundwater exchanges. Assuming P = Ri =
0, it comes:

NG ¼ dV

dt
–S Vð Þ � E ð13Þ

The following criteria were used to select appropriate dry
periods: a beginning 2 days after the last rainfall event, a total
duration of at least 4 days with a total precipitation lower than
0.2 mm, and a robust linear trend (r2 > 0.8 for the linear
regression applied to ΔV/Δt) (Fig. 4a). The latter criterion
enables measurement artefacts, or lake level instabilities for
which the interpretation is unclear, to be ruled out. A total of
10 periods were isolated, for which an average NG was deter-
mined. The resulting time series, referred to as NGref(1),
showed a mainly negative balance, with a minimum in
November 2014, and a maximum slightly positive in April
2015 (Fig. 4b).

The subsequent step was to run the lake level simulation,
with a linearly interpolated daily NG time series, and to intro-
duce a runoff coefficient (k):

Ri ¼ k � A� P ð14Þ
with A as the lake catchment area. An average runoff coeffi-
cient (k = 0.06) was obtained by adjusting simulated and mea-
sured lake level. A water balance closure criteria were used:
starting with the measured lake level, the simulation fitted the
level measured at the end of the calibration period. Given the
respective sizes of the catchment (10.2 km2) and the lake
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Table 1 Annual water balance components (m3 year−1) resulting from the step-by-step calibration procedure (see text for details). Gi is also expressed
in mm year-1, reported to the superficial catchment area.

P E ΔV Ri + Gi – Go Ri NG Gi Go Ev/I

Cycle 1 0.54 × 106 0.66 × 106 + 0.04 × 106 0.16 × 106 0.60 × 106 − 0.45 × 106 2.65 × 106 3.10 × 106 0.17
2012–2013 (892 mm) (261 mm)

Cycle 2 0.26 × 106 0.65 × 106 − 0.73 × 106 − 0.33 × 106 0.29 × 106 − 0.62 × 106 0.71 × 106 1.34 × 106 0.52
2013–2014 (462 mm) (71 mm)

Cycle 3 0.37 × 106 0.59 × 106 − 0.36 × 106 − 0.14 × 106 0.46 × 106 − 0.60 × 106 2.11 × 106 2.71 × 106

2014–2015 (781 mm) (199 mm)

Cycle 4 0.12 × 106 0.54 × 106 − 0.71 × 106 − 0.29 × 106 0.17 × 106 − 0.45 × 106 0.21 × 106 0.66 × 106

2015–2016 (272 mm) (20 mm)

Table 1 Annual water balance components (m3 year−1 ) resulting from the step-by-step calibration procedure (see text for details)

Fig. 4 a) Simulated (green) and measured (black crosses and red line)
lake level, with daily precipitation (same as Fig. 2) and dry periods used
for NGref(1) calibration (grey shadow); b) NGref(1) (black), NGref(2)

(purple), and simulated NG time series (blue-red histogram) and

monthly precipitation; c) Simulation of lake water δ18O, with monthly
values of Gi calculated from the adjusted NG (Gi = NG + Go) using two
initial isotopic composition (#1 green line and #2 blue line)

R. Adallal et al.2704



surface (0.5 km2 on average), the resulting Ri is of the same
order of magnitude as the direct precipitation on the lake sur-
face (Table 1).

Extrapolation of NG over 2012–2016

To estimate NG over the whole studied period, Eq. (1) was
applied for each interval between two manual lake level data,
using the previously calibrated runoff coefficient (k). This led
to a complementary time series referred to as NGref(2), which,
combined with NGref(1), covered the whole 2012–2016 peri-
od. Significant seasonal variations were evidenced (Fig. 4b).
The maximum was reached between April 19th and June 1st
2013 (5200 m3 day−1), and the minimum occurred in
November 2014 (− 7000 m3 day−1, 4-day average) and in
November 2013 (− 5600 m3 day−1, 31-day average).

Then, in order to produce a monthly time series, which is
more convenient for rainfall-discharge analysis, a monthly
adjustment of NG was performed, based on the lake level
simulation, and respecting the quantitative framework given
by the combination of NGref(1) and NGref(2). The resulting NG
time series (Fig. 4b) can be considered as the best evaluation,
given the available data. Its seasonal behavior is smoothed and
delayed compared with monthly rainfall, with seasonal max-
ima during spring that only became positive in 2013 and 2015.
Interestingly, NG was almost null between May and
September 2016.

At the annual time step, NG values were always negative
(Table 1), even when the lake water balance was slightly pos-
itive (cycle 1), evidencing the dominance of groundwater
seepage. The maximum annual NG was found during the first
and the fourth annual cycles (− 0.45 × 106 m3 year−1), and the
minimum values during the second and the third annual cycles
(− 0.62 and − 0.60 × 106 m3 year−1, respectively). This trend
does not follow the annual variations in precipitation, since the
maximum and minimum precipitation occurred during the
first and the fourth cycles respectively.

Groundwater flows partitioning and lake water
residence time

The partitioning of NG between Gi and Go is based on the
isotope mass balance applied at the annual time step for the
two first annual cycles, using daily data (Eqs. 6 and 7). Results
show the importance of groundwater fluxes, which dominated
all other components of the lake water balance (Table 1). Gi
was higher than P + Ri, with a strong difference between these
2 years. Considering the lake catchment area, the Gi values
correspond to 261 and 71 mm year−1, respectively. The Go
values were also very different between the 2 years, and cor-
respond to averages of 8500 and 3700 m3 day−1, respectively,
which is of the same magnitude as the minimum NG reached
in November 2013 and 2014 (5600 and 7000 m3 day−1).

These pronounced differences between the 2 years can be
attributed to the decrease in annual precipitation, but the de-
crease in Gi (− 73%) was stronger than for Go (− 56%), and
for P (− 48%). For the 2012–2013 hydrological cycle, which
is almost at equilibrium, an average residence time of 2.1 year
can be estimated.

Discussion

Evaporation rate

The energy behavior of Lake Azigza and the obtained evapo-
ration rate are in line with other Mediterranean lakes located in
mountainous environments: 1033 mm year−1 for Vegoritis
Lake in Northern Greece (510 m a.s.l. and mean depth of 20
m,; Gianniou and Antonopoulos 2007), and 945 mm year−1

for Baratz Lake in Sardinia (27m a.s.l. andmean depth of 5 m;
Giadrossich et al. 2015). The period of energy accumulation
(ΔS > 0) spans between February and July, with a maximum
(≈ 115 W m−2) at the beginning of May, while the stored
energy is released between August and January, with a mini-
mum (≈ − 90 W m−2) at the beginning of November (Fig. 4b).
The higher evaporation rate for Azigza (1217 mm for 2015) is
consistent with the lower latitudinal position (32° 58′ for Lake
Azigza, compared with 40° 47′ and 40° 41′ for lakes Vegoritis
and Baratz respectively).

Impact of the lake stratification on the isotope mass
balance

The isotopic homogeneity of the lake water bodywas assessed
in April 2013, but not during fall. Nevertheless, our results
suggest that the thermal stratification of the lake water column
lead to a progressive isotopic stratification during summer,
with a more enriched isotopic composition in the surface layer
due to the effect of evaporation. This explains the inability of
the model to simulate the observed lake isotopic seasonality,
with smaller seasonal amplitudes and delayed maxima com-
pared with the measured values (Fig. 4c, simulation #1), while
a lower initial isotopic composition would lead to a better
simulation of observed isotopic data (Fig. 4c, simulation #2).
To illustrate the effect of lake stratification, simple mass bal-
ance calculation allowed us to evaluate the magnitude of the
observed seasonal enrichment (+ 0.85‰ between June 1st and
September 7th 2013, and + 1.26‰ between April 14th and
September 7th 2014). Assuming the whole water body is af-
fected, and neglecting groundwater fluxes, the evaporation
rates able to explain observed isotopic variations were much
higher than the actual lake evaporation (+ 48% and + 67%, for
2013 and 2014, respectively). Integrating the water column
stratification into the simulation would require much more
detailed isotopic data, to characterize the seasonal lake
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isotopic behavior of the water column, and the depth of sub-
aquatic sources (Gi) and sinks (Go), which are probably di-
verse and localized in such a complex karstic environment.

The impact of the lake stratification on the annual isotope
mass balance needs to be assessed, since it leads to
overestimating the annual average δL compared with that of
a homogeneous water body. Considering that the thermocline
(≈ 8 m depth) divides the lake water body into two approxi-
mately equivalent volumes, the amplitude of the seasonal iso-
topic enrichment is twice that of the conceptual “equivalent
homogeneous lake volume.” In addition, the discrepancy be-
tween surface and bottom compositions due to the lake strat-
ification is limited to half a year. These simple considerations
allowed us to simulate the theoretical impact of the lake strat-
ification on the seasonal behavior of δL. The overestimation of
annual average δL based on surface measurements, compared
with the corresponding δL of an “equivalent homogeneous
lake volume”, represents approximately only 15% of the am-
plitude of observed seasonal enrichment, i.e., 0.13‰ and
0.19‰ for δ18O during cycle #1 and #2, respectively. This
sensitivity analysis showed that despite the amplification of
the seasonal lake water isotopic enrichment, the water column
stratification only slightly affects the annual mass balance by
underestimating groundwater inflows by less than 10%.

Impact of non-steady state on the isotope mass
balance

The steady state isotopic mass balance, expressed as the Ev/I
ratio (Eq. 5), has been widely used for quantifying an annual
lake water balance (e.g., Yi et al. 2008; Gibson et al. 2017; Cui
et al. 2018). This approach, designed for steady-state situa-
tions, may lead to wrong estimates in the case of interannual
trends. We took the opportunity of our seasonal isotopic sam-
pling to evaluate the error associated with the application of
the steady state isotope mass balance to non-steady state situ-
ation. During the year 2013–2014 (cycle #2), the lake volume
decreased by around 10%. The steady state application of the
isotope mass balance (Eq. 5) gives Ev/I = 0.29 (using both
δ18O and δ2H), compared with the reference ratio: Ev/I =
0.52 and 0.51 (using δ18O and δ2H mass balances, respective-
ly), and would lead to overestimating Gi by 140%. This com-
parison points to the importance of a seasonal isotopic moni-
toring for lake water balance studies, especially in non-steady
state cases.

Magnitude and variations of groundwater exchanges

The shape of monthly NG variations seems to roughly re-
spond to precipitation seasonality, with a time lag of several
months after the rainy winter (Fig. 4b). However, annual NG
does not follow the precipitation trend, with the driest year
(cycle #4) characterized by an annual NG similar to that of

the wettest year (cycle #1). Therefore, understanding the rela-
tion between rainfall and the groundwater control on the lake
water balance requires the partitioning of NG between inflow
and outflow.

A major result of the isotopic groundwater partitioning is
that groundwater components, both Gi and Go, largely dom-
inate all the other water balance components, even though
their difference remains relatively low. Lake Azigza water
balance is thus mainly driven by subsurface circulation. In
addition, groundwater fluxes are very different between cycles
#1 and #2, for both Gi and Go, while annual precipitations are
also strongly contrasted. These Go variations contradict the
previous assumption of a constant seepage rate (Flower and
Foster 1992) and suggest that both groundwater fluxes are
linked to the amount of precipitation.

Another important result of the isotope water balance is
that the magnitude of Gi is consistent with a recharge area
equivalent to the lake catchment area, leading to annual values
(261 mm and 71 mm) in line with the magnitude of average
runoff measured for the smallest gauged catchment in the
region (Tamchachate station, 166 mm year−1, Table SM1),
and with the corresponding relation between annual precipi-
tation and runoff (Fig. SM5). In the context of our study, and
considering the small size of the catchment, the apparent sim-
ilarity between the P–Gi relation and the rainfall-runoff rela-
tion of the neighboring Tamchachate watershed is probably
due to rapid groundwater circulation through conduit flow in
the epikarst. This is consistent with the classical behavior of
karst springs, which, similarly to head catchment rivers, en-
counter strong and rapid reactions to precipitation events
(Hartmann et al. 2014). Based on this similarity, the
Tamchachate empirical rainfall-runoff relation was used to
assess the magnitude of Gi for the two remaining annual cy-
cles. Corresponding Go values were then deduced from annu-
al NG (Table 1) and four estimates of the Azigza annual lake
water balance are proposed.

The strongly contrasted climatic situations covered by
our studied period provide interesting information on the
lake water balance response to precipitation variations. At
the annual timescale, a high range of variation was ob-
tained for Gi (1–12 range), while Go also varied along
with annual precipitation, but with a lower magnitude
(1–5 range). Contrasting with these strong variations, the
difference between the two fluxes remained relatively sta-
ble (1–1.4 range for NG). The groundwater partitioning
suggests that the higher annual NG during 2015–2016
was due to a very low Go and Gi. This is consistent with
monthly NG, which became almost null between May and
September 2016, suggesting a disconnection of the lake
from groundwater circulation. Therefore, except for this
particular situation, the concomitant variations of annual
Gi and Go together with annual rainfall indicate that they
are probably driven by the same hydraulic gradient.
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Lake sensitivity to persistent dry climate conditions

The strong and continuous decreasing trend observed
during the studied period raises the question of the fu-
ture evolution of the lake. Climatic projections suggest
an intensification of dry conditions in the Mediterranean
area (Tramblay et al. 2013b), and a decrease in rainfall
would greatly impact hydrological fluxes. In order to
evaluate such impacts, the lake model was used to per-
form sensitivity analysis.

A first test was performed to simulate the lake level
behavior, using the 2015–2016 period as representative
of dry conditions: the model was run with the
hydroclimatic data of cycle #4, by iterating continuously
the same hydrological year. Results led to a complete
lake drying after 12 years.

Nevertheless, by maintaining a constant Go, this sen-
sitivity test represents an extreme situation. The lake
behavior greatly depends on whether groundwater seep-
age is permanent or not, and the last part of our study
period suggests a disconnection of the lake from
groundwater flows. In this karstic environment, ground-
water circulation occurs through preferential flowpaths,
and groundwater seepage could possibly decrease, or
even stop, if the lake level fell below the active water
routing structures. A progressive decreasing Go, until
the disconnection observed after May 2016, could ex-
plain why the seasonal minimum in NG remained rela-
tively high during the end of 2015, compared with the
situations of November 2012, 2013, and 2014 (Fig. 4b).
This scenario was tested by running the lake model
with NG = 0, while keeping the climatic conditions of
cycle #4. A lake level decrease of 5.5 m during the
same 12-year period was obtained.

Finally, additional sensitivity analysis was performed to
evaluate the impact of an increase in evaporation. Its influence
remains almost negligible compared with the influence of
groundwater flow variations (1-m difference in 12 years with
a 10% increase of evaporation).

In summary, we have shown that the isotopic mass balance
is a robust way to partition the groundwater contribution be-
tween inflow and outflow, at the annual timescale, given that a
sub-annual sampling is available. It further confirms that this
approach provides a good basis for a quantitative assessment
for small lakes (Jones et al. 2016). A precise determination of
seasonal variations of groundwater flux is however limited by
summer thermal stratification, which prevents mixing of the
water body in the case of Lake Azigza. The use of lake geo-
chemical models to explore hydrological systems highly vul-
nerable to climate change needs to be accompanied by a site
monitoring in order to grasp contrasted climatic situations at
various timescales (Troin et al. 2010; Steinmann et al. 2013;
Bouchez et al. 2016).

Conclusion

A major result of this study is that Lake Azigza water balance
is mainly driven by subsurface circulation, with significant
interannual variations in groundwater fluxes. The magnitude
of groundwater inflow indicates a recharge area consistent
with the topographic catchment area, with a huge sensitivity
to interannual variations of precipitation. Strong variations of
groundwater outflow are also evidenced, which contradicts
the previous assumption of a constant seepage (Flower and
Foster 1992). These results suggest that groundwater circula-
tion, both inflows and outflows, occurs through karst conduits
that rapidly and intensively respond to precipitation events.
Moreover, our results show that groundwater seepage may
be strongly reduced, or even stopped, when the lake level
decreases under a given threshold, also linked to the role of
karst conduits in water draining. This threshold was reached in
May 2016, corresponding to a level of 1542.5 m a.s.l.. Such a
decrease of Go associated to the lake level drop could give the
lake a resilience capacity in a context of persistent dry climatic
conditions. The resulting water and isotope mass balance
model could be further combined with sedimentary proxies
of past lake level and isotopic compositions for a quantitative
analysis of lake-climate relations at different timescales.
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